New fluorescent indicator alleles utilize Cre, Flp, and Dre recombinases to label previously inaccessible cell populations. The complete architecture of two cell populations can be visualized in the same mouse. 
INTRODUCTION
Strategies and tools to label cells on the basis of gene expression provide the experimental framework for much of modern biology. By exploiting intrinsic genetic differences that uniquely define cell types, fluorescent labeling renders cells accessible for a wide variety of morphological, molecular, and physiological analyses. Although expression of fluorescent proteins can be controlled directly by cell-type specific promoters, recombinase-based strategies (Dymecki and Tomasiewicz, 1998; Zinyk et al., 1998) constitute the key technology that gives gene-based labeling much of its power and flexibility. The use of a cell-type specific recombinase driver allele in combination with an indicator allele encoding a fluorescent marker permits labeling on the basis of transient gene expression and, in the case of inducible recombinases, temporal control of labeling (reviewed in Jensen and Dymecki, 2014) . Despite these refinements, however, labeling on the basis of a single gene defines relatively broad classes of cells (e.g. neurons synthesizing a specific neurotransmitter), and it is clear that this is only the tip of the cellular diversity iceberg.
In mice, access to more narrowly defined cell populations has been achieved using recombinase-based intersectional strategies, in which labeled cells occupy the narrow intersection of two broader gene expression domains (Awatramani et al., 2003) . Intersectional labeling is accomplished via an indicator allele that is responsive to two distinct site-specific recombinases controlled by promoters of two different genes. Only those cells that have expressed both recombinases will express the marker encoded by the indicator allele.
Additionally, some indicator alleles encode a second marker designed to label the subtractive population (Awatramani et al., 2003; Bang et al., 2012; Farago et al., 2006; Jensen et al., 2008; Yamamoto et al., 2009 (Fig. 1B) and a variety of intact organs in adult mice (Fig. S1 ), confirming that the indicator alleles are broadly expressed both pre-and postnatally. When one or more transcriptional stop cassettes remained intact, no fluorescence was observed in intact samples (Figs 1B, S1).
To confirm the ability to detect eGFP and tdTomato expression at the level of individual cells we crossed our new alleles to recombinase driver lines with restricted expression patterns. In sections examined microscopically, we observed the expected eGFP and tdTomato fluorescence in a variety of neurons in embryos and adult brain (Fig. 2) . In the absence of recombinase expression, we observed no tdTomato expression in brain and nonneuronal tissues. However, very faint eGFP was occasionally observed in a few granule cells of the hippocampal dentate gyrus and scattered large cells of the choroid plexus. The absence of tdTomato expression suggests that the faint eGFP does not result from 'leaky' transcription through the upstream stop cassettes. This low level expression was virtually undetectable when tissue was labeled using anti-GFP antibody and fluorescently coupled secondary antibody (Fig S2) . Even under the most rigorous immunolabeling conditions using the most sensitive enzymatic detection method, it was fainter than in recombinase-expressing cells (Fig. S2) . Therefore, it is not expected to limit the use of these new indicator alleles.
To address recent reports of occasional Cre mediated recombination of rox sites in transgenic mice and viral constructs (Fenno et al., 2014; Madisen et al., 2015) , we performed a stringent test of this phenomenon. We crossed mice carrying our RC::RG allele, which contains a rox-flanked stop cassette (Fig. 1A) , to ACTB-cre (Lewandoski et al., 1997) (Awatramani et al., 2003; Bang et al., 2012; Farago et al., 2006; Jensen et al., 2008; Yamamoto et al., 2009 (Fig. S3 ). The eGFP and tdTomato labeling allowed us to readily observe the distinct axonal morphologies of the two populations and their relative contribution to target regions within the same animal. In the brainstem, we were able to observe, for the first time, inputs to the locus coeruleus from all other noradrenergic neurons (Fig. 3B) . In the forebrain, we could determine that axons originating in the LC complex are a minority of all noradrenergic inputs in the basolateral amygdala, bed nucleus of the stria terminalis (BNST), and paraventricular hypothalamus (Fig. 3C) . The difference between the thin axons originating from the LC complex and the coarser axons with larger varicosities originating from other noradrenergic neurons (Robertson et al., 2013) was striking when the two populations were colabeled in the same tissue (Fig. 3C ).
In regions where axons from the LC complex predominate, RC::FLTG allowed us to visualize inputs arising from all other noradrenergic populations. In the hippocampus, for instance, we observed a few tdTomato-labeled axons in every brain (n=5) that we examined (Figs 3C, S3) . This result contrasts with our previous study, in which we observed only axons from the En1-derived LC complex in the hippocampus due to our inability to label projections from all noradrenergic neurons. This minor input to the hippocampus must originate from noradrenergic neurons located outside of the LC. The very small percentage (~0.2%) of LC neurons not derived from the En1 expression domain is defined by early transient expression of Hoxa2-cre, and that noradrenergic neuron population does not project to the hippocampus. Therefore, in En1 cre ; Dbh Flpo ; RC::FLTG brain, the tdTomato-labeled axons in the hippocampus arise from non-LC neurons not included in any of the four intersectional populations defined in our previous study (Robertson et al., 2013) .
Taken together, these results confirm that the addition of a second fluorescent protein capable of filling cellular projections constitutes a significant improvement over existing Development • Advance article dual-recombinase indicators. The ability to label, in isolation, a genetically defined neuronal subpopulation and determine where it projects is a critical step in determining its function.
Embedding an intersectional subpopulation in the context of a more broadly defined subtractive population permits, within a single animal, comparisons between different neuronal subtypes that previously would have required labor intensive analysis of multiple intersectional crosses using several different Cre driver lines.
RC::RFLTG permits simultaneous intersectional labeling of cell bodies and axons from two neuronal subpopulations defined by overlapping expression of three genes
The intersectional strategy is a powerful method for gaining access to neuronal populations defined by complex combinatorial genetic signatures, but it is clear that subtype diversity exceeds the discriminatory power of dual-recombinase responsive indicator alleles As we have shown above, genetic access to the LC complex is achieved via a shared history of En1 and Dbh expression. However, it is well established that locus coeruleus neurons are heterogeneous with respect to axon projection profile, electrophysiological characteristics, and expression of neuropeptides (Chandler and Waterhouse, 2012; Chandler et al., 2013; Chandler et al., 2014; Holets et al., 1988; Olpe and Steinmann, 1991; Xu et al., 1998) . Until now, it has not been possible to selectively label subpopulations of the LC complex. With its ability to label cells defined by the intersection of three gene expression domains, RC::RFLTG now provides access to these subpopulations and the capability to map Development • Advance article their axonal projections to reveal potential functional differences.
To label two subpopulations of the LC complex based on neuropeptide expression, we utilized a Cre transgene driven by the promoter of the neuropeptide galanin (Gal) (Gong et al. 2007 ). This transgene is expressed in a subset of locus coeruleus neurons, but also elsewhere in the noradrenergic system and more widely in the brain (McCall et al., 2015 (Fig. 4) . The subtractive population consists of the remaining neurons of the LC complex that do not express the Galcre transgene, and all neurons outside the LC complex are unlabeled. 
New indicator alleles are compatible with new tissue clearing techniques
Recently described techniques for rendering organs from mice and other animals optically transparent have made it practical to visualize the intact three dimensional structure of fluorescently labeled cell populations, particularly neurons (Chung et al., 2013; Ertürk et al., 2012; Hama et al., 2011; Ke et al., 2013; Renier et al., 2014; Yang et al., 2014) . Not only do these methods provide valuable information about the anatomical distribution and longrange connectivity of the labeled populations, but quantitative methods such as cell counting can be applied without labor intensive and error prone reconstruction from many different sections. To realize the full experimental utility of our new alleles, it is important that they be compatible with these techniques.
To test the compatibility of our alleles with the passive clarity technique (PACT) (Yang et al., 2014) (Fig. S6 ). In the brain slices, the full morphology of the intact LC complex, including the Gal-cre-expressing and Gal-cre-negative subpopulations was visible ( Fig. 5 and Movie S1). These neurons clearly form an unbroken continuum extending from the densely packed locus coeruleus to the more dispersed neurons in the dorsal subcoeruleus.
Fluorescently labeled cells in 40-µm thick virtual sections extending at least 500 µm deep in the tissue slice (Fig. 5 ) could be visualized as clearly as cells in 40-µm thick free floating sections (Fig. 4) . In cleared cerebral cortex, we were able to observe axons from both the Gal-cre-expressing and Gal-cre-negative subpopulations (Fig. 5) . These results confirm that the combination of PACT and intersectional labeling using RC::RFLTG or its derivative alleles represents a powerful new method for visualizing the architecture of genetically defined cell types.
DISCUSSION
The experiments described here demonstrate that RC::RFLTG and its derivative Increased use of intersectional strategies for labeling and functional manipulation of restricted cell populations (Duan et al., 2014; Fenno et al., 2014; Hermann et al., 2014; Kim et al., 2009; Madisen et al., 2015) will undoubtedly lead to development of an array of new While these features make our new alleles particularly useful in neuroscience research, they will be important tools for dissection of developmental and genetic complexity in a wide range of biological systems.
MATERIALS AND METHODS

Generation of new mouse strains
The pRC-RFLTG targeting vector was generated by insertion of a CAG promoter, For the highest sensitivity detection of faint eGFP expression in dentate gyrus and choroid plexus cells, we used immunoperoxidase labeling on 40-µm free-floating sections.
We used the chicken anti-GFP antibody (1:10,000) in conjunction with a biotinylated goat anti-chicken secondary antibody (1:500; Cat.# BA-9010, Vector Laboratories). To detect immunoreactivity, we used the Vectastain Elite ABC kit and Vector SG substrate (both Vector Laboratories). To allow for maximal staining, the sections were incubated in the Vector SG solution for 15 minutes, the longest incubation time recommended by the manufacturer. For comparison of staining in noradrenergic neurons, dentate gyrus, and choroid plexus, free-floating sections from the same brain were stained in the same experiment and then imaged using identical exposure settings.
Assessment of cross-reactivity between Cre/loxP and Dre/rox recombinase systems.
To assess the frequency of Cre-mediated recombination of the rox-flanked stop cassette, we generated mice hemizygous for ACTB-cre and heterozygous for RC::RG. In these mice, eGFP indicates recombination of rox sites by Cre. To assess Dre-mediated recombination of loxP sites, we crossed RC::RFLTG with CAG-Dre and ACTB-Flpe to excise the rox-and FRT-flanked stop cassettes. After backcrossing to C57BL6/J, the mice were again crossed to CAG-Dre. In these mice, eGFP indicates recombination of loxP sites by Dre. After perfusion, each brain was completely sectioned into four sets of 40-µm thick sections spanning the entire brain, and immunofluorescent labeling was performed as described above. eGFP-expressing cell bodies were counted in one full set of sections for each brain.
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Digital Image Processing
Images of whole embryos and adult organs were collected on a Zeiss SteREO Lumar.V12 stereomicroscope (Carl Zeiss Microscopy, Thornwood, NY). Immunoperoxidase labeled sections were imaged on a Zeiss Axio Imager Z2. Images of fluorescently labeled sections were collected on a Zeiss LSM 710 or 780 inverted confocal microscope. After zstacks were converted to maximum intensity projections using Zen 2012 Black Software (Carl Zeiss), the images were modified only by adjusting brightness and contrast to optimize the full dynamic range of the fluorescence signal of the entire image using Photoshop software (Adobe Systems, San Jose, CA). The location of imaged neurons was determined by reference to a mouse brain atlas (Paxinos and Franklin, 2013) . Adult brain tissue cleared by PACT was imaged on a Zeiss LSM 780 microscope, and images of locus coeruleus cell bodies were compiled into three-dimensional structures and processed (background subtraction and attenuation correction) using Imaris Software (Bitplane). Images of axon fibers from PACT cleared tissue were also acquired on a Zeiss LSM 780, after which images were first processed with ImageJ software (US National Institutes of Health) by simply multiplying the image times itself to increase the fluorescence signal above the background and then run through a smoothing filter before being imported into Imaris (Bitplane) where 3D volume rendering was performed. E12.5 embryos cleared by PACT were imaged on a Zeiss LSM 780, and images were imported into Imaris for cropping and 3D rendering.
Development • Advance article
